Current dental implant research aims at seeking an innovative surface able to promote a more favorable biological response to the cells and tissues at the bone-implant interface and to accelerate osseointegration. Anodic oxidation is a promising method for acquiring nanotube structures on the implant surface. In this paper, we modified the titanium surface using anodic oxidation to form nanotube structures on the surface and observed the surface by scanning electron microscopy (SEM). The bioactivity of the Ti implants was evaluated by simulated body fluid soaking test. We further sought to characterize the cellular and molecular responses of murine preosteoblast MC3T3-E1 cells to anodic oxidation modified titanium surface with a nanotube-texture. Gene expression of osteoprotegrin (OPG) was also evaluated by reverse transcription-polymerase chain reaction (RT-PCR) and quantitative real-time PCR. SEM showed that the inner diameter of the nanotubes was about 70nm, the wall thickness was around 20nm, and the depth was about 200nm. The simulated body fluid soaking test displayed that bone-like apatite was formed on the nanotube-textured Ti surface after immersion in simulated body fluid for two weeks, but not on the smooth surface Ti surface. The biocompatibility was investigated by an in vitro cell culture test. Cell morphology exhibited a more differentiated characteristic, and gene expression of osteogenic markers OPG was also remarkably upregulated by anodic oxidation modification. Based on these results, it can be concluded that bioactivity and osteogenic responses to the nanotube-structured Ti surface were better than to the smooth surface, and gene expression indicates that OPG activation may be responsible for this increased osteogenic differentiation. produce uniform and controllable nanoscaled surfaces on metals and alloys, which is an economical, simple, and versatile technique 9) . Till now, this method has been widely used on metal (e.g.
Introduction
It is well known that titanium (Ti) and its alloys are the most commonly used dental and orthopedic implant materials in clinical practice because of their excellent biocompatibility and mechanical properties 1, 2) . However, the bioinertness of Ti restricted its early osseointegration to bone tissue, which limits the application of Ti-based implants to some extent. Thus researchers tend to improve the bioactivity and biocompatibility of titanium through the surface modification to achieve early osseointegration 3) .
Among the numerous surface modification methods, physical modification and chemical modification are mostly widely used.
Physical surface modification methods aim at acquiring micro or nano ultrastructure on the titanium surface, including sandblasting 4) and acid etching 2, 4) . Chemical surface modification methods aim at obtaining certain chemical characteristics on titanium surface, for example plasma spraying of hydroxyapatite 5) , wollastonite 6) and titania 7) . Although these conventional approaches could create more favorable surface physical and chemical properties preferred by osteoblasts so as to promote osseointegration, they could not produce highly controllable surface properties (specifically, chemistry and nanoscale topography). Moreover, some of these methods have the potential to form surface residuals which can be harmful to the functions of osteoblasts 8) . Thus, alternative methods to modify Ti to produce well-defined nanoscale surface properties which can promote new bone growth are desirable.
A promising method that may create such controllable nanoscale surface features on Ti is anodic oxidation. Anodic oxidation is an electrochemical method easily implemented to structure and composition, however, the research work is usually focused on the improvement of the corrosion or wear resistance, the external aspect, and the ability for adhesive bonding [10] [11] [12] . In biomedical field, this method was employed to produce calcium phosphate coatings on metallic implants via multi-step oxidation in complex calcium and/or phosphate-containing electrolyte, while other biomedical applications were seldom reported 13) . There were several researchers reporting the work of anodic oxidation induced nanopatterns on Ti surface, however their research objectives were either the improvement of catalytic effect, or the development of drug delivery system 14, 15) . The direct influence of nanoscale surface induced by anodic oxidation on biological properties of Ti based implants is seldom studied.
In the present study, in the first step, we fabricated controllable nanoscale surface on Ti by anodic oxidation, using method similar to previous researchers 16, 17) . Then we characterized its surface topography. The bioactivity of the Ti implant was evaluated by simulated body fluid soaking test to examine bone-like apatite formation. The biocompatibility of nano-structure surface was evaluated using MC3T3-E1 cells, the murine preosteoblasts cells.
Cells were co-cultured with nano-structured surface and investigated the cell morphology and differentiation. After that, the gene expression level of bone-specific marker osteoprotegrin (OPG) was investigated by reverse transcription-polymerase chain reaction (RT-PCR) and quantitative real-time PCR.
Materials and Methods

Preparation of samples
Commercially pure Ti plates in dimensions of 10mm× 10mm×1mm were polished with #1000 SiC abrasive paper, and then ultrasonically cleaned in acetone, ethonal and deionized water for 5min respectively. Anodic oxidation experiments were carried out using a direct current (dc) voltage source (WYK-150, Yangzhou, China). The Ti plates were used as anodic electrode while graphite (40mm×40mm×5mm) was used as cathodic electrode. The distance between anodic and cathodic electrodes was 40mm. Electrolyte was 1M NaF solution. The anodization process was carried out under a constant voltage of 10V at room temperature for 1h. During the experiment, the solution was stirred using a magnetic stirrer. After the anodic oxidation treatment, the samples were rinsed in deionized water, dried and characterized.
For comparison, the as-polished Ti plates without anodic oxidation were used as the control. Surface morphology of the samples was observed using scanning electron microscopy (SEM, HITACHI S-4800). We measured the thickness and diameter of nanotubes based on the scale bar in the SEM photographs and calculated the average value of inner diameter and thickness of nanotubes.
Bioactivity evaluation
After the anodic oxidation process, the samples were soaked in 30ml of simulated body fluid (SBF) at 37 without stirring to evaluate their bioactivity. The ionic concentrations in SBF are nearly equal to those in human body blood plasma. The SBF was composed of 2.5 mM of Ca 2+ , 1.5 mM of Mg 2+ , 142.0 mM of Na + , 5.0 mM of K + , 148.5 mM of Cl " , 4.2 mM of HCO 3 " , 1.0 mM of HPO 4 2" , 0.5 mM of SO 4 2" and buffered at a pH of 7.40 with 50 mM tris ( hydroxymethyl ) aminomethane ( CH 2 OH ) 3 CNH 2 and approximately 45 mM hydrochloric acid (HCl) at 37 according to Kokubo's research work 18) . After soaking for 2 weeks without stirring, the growth of bone-like apatite on sample surfaces was investigated by SEM and X-ray diffraction (XRD, RIGAKUD/ MAX2500).
Cell morphology observation
The samples were sterilized by pressure steam sterilization at 121 for 30min before cell culture test. MC3T3-E1 murine preosteoblasts which were supplied by Tianjin Medical University (China) were seeded on the sample surfaces at a density of 1×10 4 cells/ cm 2 . The cells were cultured in the Dulbecco's modified Eagle's medium (DMEM, Gibco BRL, Grand Island, NY, USA) with 10% fetal bovine serum (Hyclone, Logan, UT, USA) and 3% penicillin/streptomycin. Cultures were maintained at 37 in a fully humidified atmosphere of 5% CO 2 in incubator. After culturing for 7 days, the cells adhered on the sample surface were fixed with 2.5% glutaraldehyde in phosphate-buffered saline (PBS, pH =7.4) for 4h. Then they were rinsed with PBS twice and dehydrated in a grade ethanol series, following by critical point drying procedure. After gold sputtering, the cell morphologies were observed by SEM. The study is a nonclinical examination which was ethically approved by the institution.
RNA extraction and RT-PCR analysis
After cells cultured on the Ti plates for 7 days, total RNA was isolated from cells using a monophasic solution of phenol and guanidine isothiocyanate (Trizol, Invitrogen Life Technologies, Carlsbad, CA, USA), following the instructions of the manufacturer. RNA was quantified at 260nm using a Nanodrop were electrophoresed on 1.5% agarose gels and stained with ethidium bromide to determine their sizes.
Quantitative real-time PCR analysis
To determine the exact gene expression amount between different groups, real-time PCR was also performed using the SYBR green detection by Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, USA). For quantitative PCR, 10μL Real Master Mix SYBR green I (NEWBIO industry, Tianjin, China), 0.4μL forward and reverse primer, and 4.0μL cDNA template were used in a final reaction volume of 20μL. The thermal profile for all reactions was set as follows: 30s at 95 , followed by 40 cycles of 5s at 95 and 30s at 60 . Data collections were enabled at 60 in each cycle. The threshold cycle (Ct) was calculated by the instrument software. The mRNA value of OPG was normalized to that of the house keeping gene, GAPDH. Results are reported as relative gene expression (2 -Ct ).
Statistical analysis
OPN mRNA levels in nanotube (anodized) and smooth (aspolished) titanium surface in MC3T3-E1 cells were compared using Student's t-test. Values of p < 0.01 were considered significant.
Results
Fabrication of nanotubed titania surface and characterization
After anodic oxidation in NaF solution, surface morphology of the Ti samples changed remarkably, as shown in Fig. 1 . The aspolished Ti showed an even and smooth surface. After anodic oxidation, a homogeneous and uniform array of nanotubes was formed. The inner diameter of the nanotubes was about 70nm, the wall thickness was around 20nm, and the depth was about 200nm. It can be seen that no new substance can be found on the aspolished Ti surface (Figure 2a ) there is no much difference in surface morphology before and after immersion in SBF, indicating poor bioactivity. The result is similar to other studies 19, 20) . While for the anodized Ti samples, a new layer of nanocrystals with a fine structure grew uniformly on the TiO 2 nanotubes (Figure2b).
Simulated body fluid soaking test
XRD pattern (Figure2b) showed the characteristic peak at 26 and 32, which was the representative peak of carbonated (bone-like) apatite 20) , indicating good bioactivity 21) . The apatite layer, which precipitates on the surface of a bioactive material in human body, plays an essential role in forming the chemical bond to the living bone. Figure 3 showed the morphologies of MC3T3-E1 cells on the as-polished and anodized Ti surfaces after culturing for 7 days.
SEM observation of cell morphology
Anodized Ti is more favorable than polished surface to cell attachment and spreading. Cells on the as-polished surface exhibited a bi-or a tri-polar spindle-like morphology, whereas those on anodized Ti surface exhibited a polygonal shape with many filopodia extending in all directions. Cells cultured on anodized Ti surfaces displayed a more spread-out cell morphology with well-developed filopodia compared with those on as-polished Ti surfaces. the mRNA level of GAPDH, the housekeeping control, showed no changes between the two kinds of samples. To further determine the exact increasing rates of OPG gene expression levels, quantitative real-time PCR was performed. As shown in Figure 5 , the gene expression level of OPG mRNA in the MC3T3-E1 cultured on anodized Ti was significantly higher than that on the as-polished Ti. It was revealed that anodic oxidation increased the OPG mRNA levels by 3.7-fold (p<0.001). The improved expression of this bone-specific transcripts could be attributed to the favorable differentiation of osteoblast cells on the naontube surfaces of Ti, which promoted early osseointegration of implant material.
Gene expression analysis
Discussion
Nanotube formation and surface topography characterization
The mechanism of nanotubes' formation on metal surface by anodic oxidation can be explained by the following process: Initially, a thin layer of oxide forms on the Ti surface. Then selective dissolution takes place due to different stresses and crystalline state in the oxide layer. Speed of dissolution and oxidization is different in pores of different diameters. Along with the anodization, the pores' diameters turn to be more uniform.
The thickness of the oxide film is thicker at the wall of the pore than at the bottom. Consequently, the electrical field intensity at the pore bottom is much higher than that at the wall, TiO2 will be consumed at higher rate near the bottom of the pore, which results in further pore growth toward the Ti substrate. As the pores become deeper, the electric field in these metallic regions increases, enhancing the field-assisted oxide growth and oxide dissolution, and the interpores voids start forming 22) . Therefore, both voids and tubes grow in equilibrium to finally yield a tubular structure.
Till now, the controllable structures on Ti surface have been achieved by varying the parameters (electrolyte composition, the anodic voltage, time and pH) of the anodic oxidation method 23) .
Bioactivity evaluation (SBF soaking test)
The nano-structured surface also demonstrated an increased capacity to initiate calcium phosphate nucleation, leading to the formation of a bone-like apatite layer. In general, the oxide induced by anodic oxidation possesses abundant OH groups (Ti OH), which could react with hydroxyl ions in the simulated body fluid to produce a negatively-charged surface with the functional group Ti-O-. The negative polarity attracts calcium ions from the SBF solution, and then followed by the arrival of HPO4 2-, resulting in the final formation of bone-like apatite, leading to improved bioactivity 24) .
Cell morphology on nano-structure surface
It is well-established that rough surface, especially nanostructured surface promote osseointegration at the bone-implant interface 25) . It was also proved that osteoblasts can form more calcium on nanosurfaces than on microsurfaces. Balasundaram et al. 26) suggested that implants produced with conventional materials (or materials with constituent dimensions greater than 1μm) could not invoke suitable cellular response to regenerate enough bone to allow them to be successful over a long period of time.
Therefore, the nanoscaled surface obtained on Ti was expected to exhibit beneficial effect on cell adhesion, proliferation, as well as the ability to form bone, resulting in good osseointegration 9) . In addition, the nanotubes can offer convenient conditions for interlocking with bone cells and the penetration of body fluid, which could effectively increase the bone fixation with implant.
Gene expression of bone-specific marker OPG
OPG and RANKL play a key role in the bone remodeling. Osteoprotegerin (OPG) is a cytokine that works as a decoy receptor for "receptor activator for nuclear factor k B ligand" (RANKL) to inhibit its function of osteoclastogenesis 27) . The RANKL protein belongs to the TNF super-family and the main role of this cytokine in bone physiology is to stimulate osteoclastic differentiation and to inhibit osteoclast apoptosis 28) . OPG acts as a decoy receptor that interferes with RANKL signaling, so as to protect the bone from absorption. The OPG exert biological effects on osteoclasts from several aspects including inhibition of the terminal stages of osteoclast differentiation, suppression of mature osteoclast activation, and induction of apoptosis 29) . Under normal physiological conditions, levels of OPG and RANKL are in dynamic balance.
In the present study, we found a dramatic higher expression of OPG in nano-structured titanium surface, compared to smooth surface. However, mRNA level of RANKL was below the detectable level in both nano-structured and smooth surface. It is widely accepted that OPG promote osteoblast differentiation. It is reported that OPG increases bone density in OPG transgenic mice; recombinant OPG blocks osteoclastogenesis in osteoclast formation 30) . OPG-deficient mice develop a skeletal phenotype which is prone to early-onset osteoporosis 31) , while OPG overexpression in transgenic mice leads to osteopetrosis 30) . It was also reported that OPG exerts direct, RANKLindependent inhibitory effects on osteoclast activity, probably through interactions with still uncharacterized receptors present on osteoclasts 32) . Since OPG has definite positive effect on osteoblast differentiation, and it was also reported that OPG exerts direct, RANKL-independent inhibitory effects on osteoclast activity 32) , in our present study, nano-structured surface may promote differentiation through increased OPG expression in RANKLindependent pathway. The enhanced bioactivity and biocompatibility observed on anodized Ti synthesized in the current study are consistent with J.Hard Tissue Biology Vol. 22(3) :351-358, 2013 the prior reports 16) , however more studies are needed in order to find the optimum size of nanotubes in length and diameter for bone cells to be recognized and adhered to, and more studies have to be undertaken to investigate the influence of nanoarchitecture and properties of titania nanotubes osteoblast cells behavior after implantation in the body of animals to confirm the in vitro results.
In conclusion, our present study applied anodic oxidation to modify Ti surface to obtain a homogeneous and uniform array of nanotubes. The inner diameter of the nanotubes was about 70nm, the wall thickness was around 20nm, and the depth was about 200nm. The nanotubed titanium surfaces induced the formation of bone-like apatite, and also favored the adhesion and proliferation of cells. The gene expression of osteogenic markers OPG was also upregulated by anodic oxidation modification. Based on these results, it can be concluded that anodic oxidation modified Ti surface showed excellent bioactivity and biocompatibility, indicating that anodic oxidation may serve as a promising method for Ti-based implant surface modification so as to accelerate osseointegration and acquire implant material with good performance. Increased gene expression of OPG indicates that OPG activation may contribute to the increased osteogenic differentiation on nanotubed titanium surfaces.
